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Abstract 

Experimental and modeling studies for continuous fixed-bed adsorption are considered 
for the removal of chromium(VI) jfrom water. Experimental studies involved batch and 
continuous fixed-bed experiments. Batch experiments are conducted for two adsorbents, 
activated carbon and activated alumina. From the batch experiments results it is observed 
that the adsorption isotherm for both adsorbents are essentially Langmurian in nature. 
Furthermore, the adsorption capacity of activated carbon is higher than the activated 
alumina used in the present study. Langmuir constants, a and b, for the chromium(VI)- 
activated carbon system were 0.178 and 0.010 and for the chromium(VT)-activated 
alumina system were 0.028 and 0.003. Continuous experiments were carried out in a 
fixed-bed column and the conditions varied were flow rate, mass of activated carbon, 
inlet chromium(VI) ion concentration, and particle size. The adsorption curves obtained 
essentially had three distinct regions. Initially, the oulet concentration of chromium(VT) 
was negligible. Thereafter, the outlet concentration increased rapidly till an apparent 
concentration Co“, which was about 0.6 to 0.75 of the actual outlet concentration, Co. 
Finally, after reach the apparent Co“ value, the outlet concentration increases gradually. 
Continuous experiment were also conducted for regenerated activated carbon. 
Regeneration of activated carbon was done by alkali-acid treatment. Even after several 
alkali-acid treatment cycles the original adsorption curve was not obtained. Modeling of 
the adsorption phenomena was achieved by considering a Lumped parameter model. In 
this model the partial-differential material-balance equations are converted into ordinary 
differential equations. The model is able to represent the experimental results reasonably 
well based on external transport being limiting and a constant value for the diffiisivity of 
4.31*10'^ cmVs. 


xiii 



CHAPTER 1 


1.1 Introduction 

The availability of water supply adequate in terms of both quantity and quality is 
essential to human existence. The importance of water was recognized early and 
civilization developed around water bodies that could support agriculture, transportation, 
and provide drinking water. As human activity increased the amount of pollutants 
entering into water streams also increased. Usually smaller streams are affected first and 
then larger streams and lakes become polluted. For controlling the water pollution, 
pollution control programs have been initiated in several countries to reduce the 
contaminants discharged to these water streams and ground water (Peavy, 1988). 

All metals are soluble to some extent in water (Metcalf and Eddy, 1995). Trace 
quantities of many metals, such as, nickel, lead, chromium, cadmium, zinc, copper, iron 
and mercury are important constituents of most waters. Some of these metals are 
necessary for growth of biological life and absence of suflScient quantities of them could 
limit growth, for example, of algae (Metcalf and Eddy, 1995). The presence of any of 
these metals in excessive quantities will, however, interfere with many beneficial uses of 
water due to their toxicity. Therefore, it is frequently desirable to measure and control the 
concentrations of these substances in water. 

Chromium is an important metal for some industries, such as, electroplating, 
leather tanning, paints, and pigments etc (Sharma, 2001; Low et al., 1997) and has the 
potential to contaminate drinking water sources| Chromium exist in different oxidation 
states in nature of which chromium(VI) is the most water soluble and easily enters living 
cells. Chroniium( VI) is a human carcinogen, as determined by the National Toxicology 
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Program (NTP), the International Agency for Research on Cancer (lARC), the U.S. 
Environmental Protection Agency (U.S. EPA), and OEHHA (lARC, 1990; U.S. EPA, 
1998b; Siegel, 1990). Furthermore, OEHHA has made a health protective assumption 
that chromium(VI) is a potential human carcinogen by the oral route (Siegel, 1990). 
Chromium(ni) on the other hand has not been shown to be carcinogenic to animals or 
humans by the oral route (lARC, 1990; U.S. EPA, 1998a; ATSDR, 1993 and 1998). 

Various technologies available for the treatment of chromium(VI) rich 
wastewaters include ion-exchange, solvent extraction, chemical precipitation etc 
(Mukheijee, 1986). These methods are, however, cost intensive and are unaffordable for 
large scale treatment of wastewater rich in chromium(VI) for developing nations. 

Adsorption is an effective method for the treatment of industrial effluents and 
quite popular in developed countries. Activated carbon and activated alumina has been 
widely used as an effective adsorbent for the removal of many aqueous organic and 
inorganic contaminants (Han et al., 2000). Large specific surface area and presence of 
different surface functional groups (e.g., oxygen-containing groups such as hydroxyl, 
carbonyl, lactone, and carboxylic acids) are well-known characteristics of activated 
carbons that make them excellent adsorbents (Corapcioglu and Huang, 1987; Sontheimer 
et al., 1988). Activated alumina is one of the sohds having the greatest affinity for water. 
An important industrial application for activated alumina is adsorption of solute from the 
waste water because of its large surface area (Yang, 1999). The use of activated carbon 
for chromium removal has been studied by several researchers (Nagasaki, 1974; 
Miyagawa et al., 1976; Huang and Wu, 1975; Ouki and Neufeld, 1997). These studies, 
however, did not involve modeling of continuous fixed-bed experiments. Recently 
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(Gupta et al., 2002), have used a simplistic model for effectively describing the 
continuous fixed-bed experiments for fluorine adsorption. It is the aim of the present 
study to test the validity of the model for chromium adsorption. 

1.2 Objective 

Thus, the main objective of the present study is to undertake experimental and modeling 
studies on the adsorption of chromium fi’om water. This objective is achieved by initially 
conducting in batch experiments using an activated carbon and an activated alumina. 
Based on the adsorption isotherms one of the adsorbents is used for the continuous fixed- 
bed experiments. Continuous experiments are carried out in a fixed bed column and the 
parameters varied are flow rate, inlet solution concentration, particle size, and mass of 
adsorbents. A lumped parameter model was used to predict the adsorption process. 
Comparison of the predicted and experimental data is finally performed. 
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CHAPTER 2 


LITERATURE REVIEW 

2.1 General 

Chromium is a naturally occurring element found in rocks, animals, plants, soil and in 
volcanic dust gases. Chromium is present in the environment in several oxidation states. 
The most common oxidation states are chromium(O), Chroinium(in), and chromium(VI) 
(ASTDR, 2000). Chromium(VI) and chromium(0) are generally produced by industrial 
processes (ASTDR, 2000). The most often observed oxidation states of chromium in 
natural water systems are chroinium(III) and chromium(VI) ( Kaczynski and Kieber, 
1993; BCrishnamurthy and Wilkens, 1994). 

2.2 Sources of Chromium 

Both natural and artificial sources contribute to the occurrence of chromium ion in 
ground waters. Natural sources of the chromium ion in ground water are due to 
weathering of chromium bearing minerals. In the earths crust the principal ore of 
chromium is chromite (FeCr 204 ) (Weast et al, 1988). 

The artificial sources of chromium pollution are mining, leather tanning and 
cement industries, use in dyes, electroplating, production of steel and other metal alloys, 
photographic material and corrosive paints (Galvao and Corey, 1987). The artificial 
sources are the main source of chromium pollution in ground water. Chromium-plating 
industry effluent is one of the main sources of chromium pollution in aquatic systems. It 
contains chromium(VI) in the range of 15-300 mg/1 (Muthukumaran et al., 1995). The 
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permissible limit of chromium(VI) for industrial wastewater to be discharged to surface 
water is 0.1 mg/1 (Ranganathan, 2000). Hence it becomes necessary to remove 
chromium(VI) from wastewaters before discharging them into aquatic systems or on to 
land. 

2.3 Effect of Chromium 

Chromium(VI) is present in effluent waters of several different industries. 
Chromium(VI) is toxic, carcinogenic, mutagenic, and teratogenic (Anderson et al., 1994; 
Goodgame and Hayman, 1984; Krishnamurthy and Wilkens, 1994; Stollenwerk and 
Grove, 1985; and Wittbrodt and Palmer, 1995 ). Chromium affects human physiology, 
accumulates in the food chain and causes several ailments. 

The metallic and trivalent forms of chromium are not normally considered health 
hazards. Trivalent chromium is an essential trace metal and is required for the proper 
metabolism of sugar in humans. However, when swallowed, hexavalent chromium 
chemicals can be poisonous, affecting kidney and liver function. The lethal acute dose for 
an adult for pure hexavalent chromium compounds is approximately one half tea- 
spoonful. The presence of chromium(in) and chromium(VI) in the environment is the 
cause of many well documented toxic effects (Galvao and Corey, 1987). The maximum 
levels permitted in waste water are 5 mg/1 for chromium(III) and 0.05 mg/1 for 
chromium(VI). When low levels are present in the environment, Chromium(ni) 
apparently plays an essential role in plant and animal metabolism, while Chromium(VI) 
is directly toxic to bacteria, plants and animals ( Richard and Bourg, 1991). The current 
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maximum contamination level (MCL) for total chromium in drinking water in the U.S.A. 
is stipulated by the Environmental Protection Agency (EPA) to be 0. 1 mg/1. 

Dermal/eye effects vary with the specific form of chromium involved in the 
exposure. Most hexavalent chromium substances are irritating to eyes, skin and mucous 
membranes. Unless treated promptly, high exposures can cause permanent injury to the 
eyes. They also interfere with the healing process of existing cuts and scrapes. Trivalent 
chromium substances can also be irritating, but this effect is usually related to the acidic 
nature of some of these compounds (ICDA, 2002). In sensitized individuals ail forms can 
cause allergy related skin rashes. However, even with skin rashes, the hexavalent form is 
generally a more potent allergen than the trivalent or metallic form. Metallic chromium 
and chromium alloys are generally inert (ICDA, 2002). 

Chromium does not tend to accumulate in the body unless there are ongoing high 
exposures. Unprotected workers exposed to high levels of dust and mist containing 
hexavalent chromium may have an increased risk of respiratory cancers. 
Speculation that exposure to hexavalent chromium can result in a number of other serious 
long-term illnesses is unsupported. Scientific studies of exposed populations and highly 
exposed workers have not found a consistent correlation between exposure to hexavalent 
chromium and any diseases other than respiratory cancers ( ICDA, 2002). 

2.4 Methods of Chromium(VI) ion Removal from Water 

When the concentration of chromium(VI) ion in water sources consistently exceeds the 
permissible level of 0. 1 mg/1 it is essential to consider some remedial measures. 
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Several methods have been proposed to remove chromium(VI) from industrial 
wastewater. These methods include, such as reduction and precipitation (Philipot et al., 
1984), ion exchange (Jorgensen, 1979), electrodialysis, reverse osmosis, solvent 
extraction (Patterson, 1978), electrochemical precipitation (Kongsricharoem and 
Polprasert, 1995) and activated carbon adsorption (Huang and Wu, 1975). 

2.4.1 Reduction and Precipitation Method 

Reduction/precipitation is probably the most commonly used technique for the treatment 
of industrial effluents containing chromium. Currently the most commonly employed 
process is reduction of hexavalent chromium to the trivalent form by the addition of a 
reducing agent (i.e., sodium bisulfite, sulfer dioxide). The chromium sulfate formed is 
treated with a basic solution, usually lime. As a result of this treatment Cr(OH )3 
precipitates (Lalvani et al., 1998; Ramos et al., 1994). By this method, however, 
formation of Cr(OH )3 precipitate causes the formation of waste sludges and secondary 
saline waste waters (Meinck et al, 1968). The chemical processing of these sludges for 
recovery of valuable metals is difflcult and economical only under certain conditions 
(Wozniak et al., 1982; Oliver et al, 1976; Scott et al., 1975). 

2.4.2 Ion Exchange Method 

The principle of ion exchange is widely used to soften or demineralize water and to 
recover useful by-products from industrial wastes (Liptak, 1974). The hexavalent 
chromium can be effectively recovered by ion exchange for reuse as a chromate-rich 
solution. This solution can be recycled into the cooling tower water treatment system, and 
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the chromate-free water that results from the process may be disposed or further 
demineralized and reused (Liptak, 1974; Jorgensen, 1979). 


2.4.3 Electrodialysis 

Electrodialysis is a membrane process driven by electric potential for removing charged 
species (ions) from an aqueous stream (Letterman, 1999). Electrodialysis is an 
electrochemical separation process in which ions are transferred through ion exchange 
membranes by means of a direct current voltage. In a simple electrodylitic cell, 
negatively charged ions (anions) are drawn toward the positively charged electrode, the 
anode, and positively charged ions (cations) are drawn towards the negatively charged 
electrode, the cathode (Patterson, 1978; Letterman, 1999). 

2.3.4 Electrochemical precipitation 

Removal of chromium from an electroplating wastewater using the electrochemical 
precipitation (ECP) process has also been studied (Kongsricharoera and Polprasert, 
1995). The ECP unit consisted of an electrolytic cell made of two steel plates 
representing the anode and cathode. The DC power source applied to the ECP unit has a 
current (I) and electrical potential (E) of 3 to 6 A and 30 to 75 V, respectively. 
Electroplating wastewater used in the experiments contained Cr^"" in the range of 215- 
3860 mg/1, and the pH was 1.5 (Kongsricharoem and Polprasert, 1995). 
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2.4.5 Adsorption Method 

A wide variety of materials have been developed for removal of chromium(VI) ion from 
waste water on the principal of adsorption. The materials that have been used as 
adsorbents are activated alumina and activated carbon. Biological based adsorbents have 
also been used for chromium removal. 

2.4.5. 1 Activated Alumina Adsorption 

Removal of chromium(VI) from waste water by using activated alumina is a fixed-bed 
adsorption method. Use of activated alumina is cheap but its capacity of removal of 
chromium(VI) from water is less at compare to other adsorbents. 

2.4.5.2 Activated Carbon Adsorption 

Removal of chromium(VT) from waste water by using activated carbon is a promising 
method in developed and developing countries. Activated carbons constitute a group of 
adsorbents with special surface properties such as an extended surface area, a 
microporous structure, a high adsorption capacity and a high degree of surface reactivity 
(Corapcioglu and Huang, 1987; and Sontheimer et al., 1988). The surface of activated 
carbons also exhibit special electrochemical properties and may easily be modified 
through chemical processing (Dobrowolski et al., 2000). For these reasons, and because 
of their low cost of production, activated carbons are widely applied as adsorbents, ion- 
exchange media and catalysts. Activated carbons are widely used to remove toxic ions 
from water and aqueous solutions (Dobrowolski et al., 2000). The use of activated carbon 
is important because activated carbon regeneration-reuse can help lower overall treatment 
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costs and prevent future pollution incidents caused by the disposal of spent carbon laden 
with hazardous chemicals (Han et al, 2000), 

Activated carbon beds have been used for the removal of chromium from 
industrial waste which is achieved by the accumulation of chromium onto the surface of 
activated carbon. Results from continuous flow experiments revealed that in excess of 
99% chromium removal efficiency can be obtained (Ouki and Neufeld, 1997). By 
continuous experiment activated carbon does get exhausted and can be regenerated by 
alkali-acid treatment. The removal of Cr(VI) ions by activated carbon is affected by the 
pH value of the solution (Miyagawa et al., 1976; Nagasaki, 1974). The maximum 
capacity of chromium adsorption on activated carbon being exhibited at pH = 6 (Huang 
andWu, 1975). 
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CHAPTERS 


Materials and Methods 

3.1 Materials 

3.1.1 Activated Carbon and Activated Alumina 

Hydrodacro activated carbon and activated alumina, Bhargava Assoc., was used in the 
present study. The general properties of activated carbon and activated alumina are listed 
in Tables 3.1 and 3.2, respectively. 


Surface area (m^/g) 

487 

Iodine number 

550 

Moisture content (%) 

7.9-8.8 

Particle density (g/cm^) 

1.3tol.5 

Mean pore radius (nm) 

2 to 9 

Pore volume in the range of 5 to 7500 nm (cm^/g) 

0.441 

Particle size (mm) 

0.85 to 1.40 

Maximum particle size (mm) 

1.40 

Minimum particle size (mm) 

0.850 


Table 3.1 The general properties of activated carbon 






Surface area, m^/g 

230 

Pore volume, cc/g 

0.29 to 0.35 


1.10 

Actual Density, kgA 

2.05 

% Loss on attrition 

0.3 

AI 2 O 3 percentage 

93.0 

Fe 203 percentage 

0.7 

Na 20 percentage 

0.1 

Si 02 percentage 

6.0 

Particle size range, mm 

0.3 to 0.6 


Table 3.2: The general properties of activated alumina 

3.1.2 Chromium (VI) Solution 

Various concentrations of chromium(VI) ion solution were used in the batch and 
continuous experiments of the present study ranging from 20 to 2000 mg Cr^^/l. Specific 
concentrations of these solutions were obtained by dissolving the required amount of 
potassium dichromate in known amount of double distilled water. For example, to make a 
solution of 100 mg Cr^^'A, 0. 1 g of K 2 Cr 207 was added to 1 liter of distilled water. 


3.2 Method of Analysis 

Chromium(VI) concentration was determined using an UV-Visible spectrometric 
method. A UV-VIS double beam spectrometer, model: UV-1601, of Shimadzu 
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Corporation Japan was used for this purpose. The absorbance at 260 nm was used to 
measure the chromium ion concentration. Initially a calibration plot was generated by 
observing the absorbance of the 260 nm band for chromium(VI) ion concentrations 
ranging from 1 to 300 mg/1. 

3.3 Experimeiits 

3.3.1 Batch Experim^ts 

Batch experiments were performed for determining the adsorption isotherm of the 
chromium(VI)-activated carbon and activated alumina-chromium(VI) system. A 50 ml 
solution of 20, 40, 60, 80, 100, 200, 300, 400, 500, 800, 1000, 1200 and 2000 mg/1 
chromium(VI) ion concentration were taken in different 250 ml conical flasks. In each 
conical flask 0.25 g of hydrodacro activated carbon size range was added. The conical 
flasks were all kept in a shaker, operating at room temperature and at 150 rpm, to ensure 
proper mixing. The same process was done for activated alumina-chromium(VI) system 
but the concentration of chromium(VI) ion were 10, 20, 40, 60, 80, 100, 150, 200, 250, 
300, 500 and the amount of activated alumina was 0.25 g. The bottles wa^e kept in 
shakers for 18 h to ensure equilibrium. After 18 h the solution phase chromium 
concentration was measured as given above and the solid phase chromium concentration 
was determined by balance. 

3.3.2 ContinuoiiS Experimeiits 

Continuous fixed bed experiments were performed to generate adsorption data 
Continuous fixed-bed experiments were performed only for the activated carbon- 
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chromium(VI) system. A schematic diagram of the experimental set up is given in Fig. 
3.1. Stock solutions of chromium(VI) ion were allowed to flow through the fixed-bed of 
activated carbon through a valve, by which the flow rate was controlled. The outlet of the 
fixed bed was raised sUghtly above the top of the fixed bed to ensure that adsorption 
takes place by continuous fixed-bed operation. In these experiments, a glass column of 
1.4 cm diameter was used. The parameters varied in the experiments were flow rate, 
amount of activated carbon, inlet chromium(VI) concentration, and particle size. The 
following continuous fixed-bed experiments were performed for the fixed bed 
experiments; 

1. The flow rate was varied as 5, 10, and 15 ml/min. For these experiments the mass 
of the activated carbon was kept constant at 15 g, the inlet chromium(VI) 
concentration was maintained at 100 mg/1, and the particle size of activated 
carbon was taken as 0. 1 15 cm. 

2. The mass of activated carbon was decreased to 10 g, and the flow rate and inlet 
chromium(VI) concentration were maintained at 15 ml/min and 50 mg/1, 
respectively, and the particle size of activated carbon was taken as 0. 1 15 cm. 

3. The inlet chroniium(VI) concentration was decreased to 50 mg/1, and the flow rate 
and mass of activated carbon were maintained at 15 ml/min and 15 g, 
respectively, and the particle size of activated carbon was taken as 0. 1 15 cm. 

4. The particle size varied as 0.0445, 0. 1 15, and 0. 198 cm. For these experiments the 
other parameters were kept constant. Mass of activated carbon 15 g, inlet 
chromium(VI) ion concentration 100 mg/1 and flow rate 15 ml/min. 
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5. The mass of regenerated activated carbon was 15 g, and the flow rate and hiiet 
chromium(VI) concentration was maintained at 5 ml/min and 100 mg/1, 
respectively and the particle size of activated carbon was taken as 0. 1 15 cm. 

3.3.3 Regeneration 

Regeneration of the above saturated activated carbon was achieved by alkali and acid 
treatment by using 0.7N NaOH and 5%(v/v) H 2 SO 4 solution. Initially, 40 g of the 
saturated activated carbon was taken m a conical flask and 250 ml of 0.7N NaoH solution 
was added. The conical flask containing the mixture of NaOH and activated carbon was 
kept in shaker operating at room temperature and a speed of 150 rpra for 3 h. After 3 h 
the solution from the conical flask was removed by filtration and again 250 ml of fresh 
0.7N NaOH solution was added into the conical flask. Tliis process of adding and 
removing NaOH solution was repeated 31 times. After the final NaOH treatment the 
activated carbon was washed with distilled water. Acid treatment was achieved by adding 
250 ml of 5%(v/v) H 2 SO 4 to the above washed activated carbon. The process, similar to 
the addition of NaOH solution, was performed 5 times. After the final H 2 SO 4 treatment 
the activated carbon was washed with the distilled water and dried for 24 h at lOO'^C. The 
total BET surface area of the fresh and regenerated activated carbon were carried out on a 
COULTER SA3100 instrument equipped with a version 2.12 SA-view softwai'e. The 
BET surface area of the fresh and regenerated activated carbon was obtained 639 m'/g 
and 593 m^/g, respectively. 
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Figure 3.1: Fixed-bed experimental setup for continuous experiments 



CHAPTER 4 


Modeling 

4.1 Modeling Approach 

The present study also involved the modeling of fixed bed experimental results. In fixed- 
bed adsorption, the concentrations in the solution phase and the solid phase change with 
time and with the axial distance from the inlet. In the region where most of the change in 
concentration occurs is called the mass transfer zone. Initially, when the solution passes 
through the bed, the solute gets adsorbed in the upper layer of the bed. Consequently, 
most of the mass transfer occurs in the upper layer of the bed and the effluent 
concentration at the end of the bed is zero. With time, however, the upper layer gets 
saturated and the mass transfer zone shifts in the direction of flow. After some time the 
mass transfer zone reaches near the bottom of the bed, and the concentration of solute at 
the effluent reaches an appreciable value. The breakthrough point of the bed is said to 
reached. Subsequently, the effluent concentration increases rapidly until the mass transfer 
zone passes through the bottom of the bed, and the effluent concentration is nearly equal 
to the inlet concentration. The curve between effluent concentration and time is called the 
adsorption curve. 

In the present study, the kinetic behavior of the fixed 'T)ed column 
operation is determined by the mechanism or mechanisms controlling the rate at which 
chromium (solute) is adsorbed onto the surface of activated carbon (adsorbent). The 
overall rate of adsorption of solute, from a solvent stream flowing through a bed of 
porous, granular adsorbent represents the following effects: 
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(1) Diffusion through the boundary layer of fluid surrounding the adsorbent particle 
(film or external diffusion) 

(2) Diffusion within the pores of the particle (pore diffusion) 

(3) Diffiision along the surface of the pores (pore-surface diffusion) 

(4) Adsorption on the internal pore surfaces (adsorption) 

Some circumstantial evidences indicate that the adsorption process itself is a 
relatively rapid process and, therefore, is probably not rate controlling. Other three 
processes are individually or combinations of these processes can be the rate controlling 
mechanism (Keinath, 1975). 

Before describing the modeling approach, it is convenient to describe the following 
points associated with the adsorption data. Firstly, a fixed bed of certain dimensions has a 
defined capacity to adsorb the solute entering the bed, that is, the adsorbent would 
remove the pollutant only until that time when an equilibrium distribution between the 
liquid and solid phases is reached. Secondly, the adsorption curve of the column depends 
on mass action equilibrium relationship, the transfer mechanism, and the rate of 
adsorption (Eagleton, 1953 andMantell, 1951). 

Several methods can be applied to match the experimental results. In the present 
study lumped parameter model (Keinath, 1975) is used to describe the observed results 
and is described below. Previous studies involving fluorine adsorption show promising 
results since a close match between the actual and predicted concentration at the effluent 
is obtained. 
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4.2 Material Balance Relationship for Fixed Bed Adsorption Process 

The following assumptions are made for the chromium(VI) ion material-balance 
relationship of the fixed bed adsorption process: 

(1) Axial dispersion in the bed is negligible, 

(2) Concentration gradients in the radial direction are of minor importance, and 

(3) The adsorbents are at fixed positions in the bed. 

The material balance relationship for a diflferential element in the packed bed case is 
given as: 

Input to element = output from element + adsorption + accumulation (4.2.1) 

For an infinitesimal thickness, dZ, of bed the following mathematical formulations can be 
made for the solution phase: 


Input to element. 

C.U 


(4.2,2) 

Output from element: 

( ?1C \ 

C + ^dZ U 

V az J 

(4.2.3) 

Adsorption 

^ dq 
P o. 

\dtj 

dZ.dA 

(4.2.4) 

Accumulation: 

fac") 

s — 
K^dt ) 

dZM 

(4.2.5) 


where, U = volumetric flow rate of water, cmVsec 

C = solution-phase chroniium(VI) ion concentration, g/cm^ 
q = solid-pha^e chromium(VI) ion concentration, g/g 
Z = axial distance, cm 
t = time, sec 

A = cross-sectional area of column, cm^ 
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E - void traction or porosity, dimensionless 

Substituting these teitns in equation 4.2. 1 for a unit cross-section of the bed the partial 
ditferential equation is obtained. 


C.U 


C.^dZ 

az 


U + p 


( ^ 


aq 

v5ty 


dZ + s 


V at y 


dz 


Simplification of equation 4.2.6 gives 


- .ac ac aq ^ 

U — -hs — -i-p— i = 0 

az at a 


(4.2.6) 


(4.2.7) 


The above partial ditferential equation shows that solution-phase chromium(VI) 
concentration is a function of both axial distance and time. To facilitate modeling the 
above partial differential equation is further converted into ordinary differential equation 
using lumped parameter method (Keinath, 1975). 

4.3 Lumped Parameter Model 

The lumped paiameter method is analogous to using a tank-in-series model to describe 
non-ideal flow (Fogler, 2000). In the lumped parameter method the fixed bed is divided 
into ‘n’ equal volume equilibrium stages, as shown in Figure 4.1. 

Use of lumped parameter method requires additional assumptions, which are; 

1 . Segmentation of the packed-bed into a discrete number of elements. 

2. Both the liquid- and solid-phase concentrations of solute are assumed to be 
uniform throughout each element. 

3. Continuity of mass flow of the solute between adjoining elements is be 
maintained. 

4. Equilibrium is assumed between solution and solid phase chromium(VI) ion 
concentration in each stage. 
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Solution Inlet 





A 


Solutmn Outlet 


(n-l)*^ element 
n* element 
(n+1)* element 


Fig 4. 1 Elemental segments in a packed-bed, xiolumnar adsorption contactor 

For an adsorption column charged with an adsorbent and then operated in the 
unsteady-state until the adsorbent is entirely exhausted, the following formulations can be 
made for an element of the packed-bed which has been designated as element n in figure 
4.1: 



Solution-phase 

Solid-phase 

Input to element 

U.Cn-l 

0 

Output from element 

U.Cn 

0 

Adsorption 

> 

d. 

P.R^.V 

Accumulation 

1 dt J 



where, Cn = chromium(VI) ion concentration in the n^ element 
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Cn +1 - chromium(VI) ion concentration of the stream to the (n+l)**^ element 
V = volume of each element in, cm^ 

Raii = rate of adsorption for the nth element in, g/g of solid/second 
n = no . of elements in the packed-bed 
Hence, the solution phase chromium (VI) ion material balance results in 


U.C„_,=U.C„+p.R^.V + s 


^dC.^ 


V dt y 


Rearranging equation 4.3.1 yields 


dt 


iL 

sV 




fp^ 


R 


An 


Similarly, chromium(VI) ion material balance relationship for solid-phase is 


0 = 0-p.R^.V + p| 
Equation 4.3.3 simplifies to 

dq„ 


^ dt 


iV 


dt 


R 


An 


(4.3.1) 


(4.3.2) 


(4.3.3) 


(4.3.4) 


The rate of adsorption (Rau) depends on the rate-controlling step in fixed bed adsorption. 
If pore diffiision controls the overall process, then 


R«,=^ = K,.A,.(c.-C;) (4.3.5) 

where, Kp = mass transfer coefficient (pore), cm/sec 

Ap = external interfacial transfer area for adsorbent, cm^/cm^ 

C* = solution-phase concentration of solute considered to be in equilibrium 
with the outer surface on the adsorbent particles, g/cm^ 

Kp* Ap can be determined firom the following correlation (Keinath, 1975) 
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( 4 . 3 . 6 ) 



UDp 
Au(l - e) 

x> = kinematic viscosity of water, cm^/sec 

The rate of adsorption (Raii) depends on the rate-controlling step in fixed bed adsorption. 
The rate controlling step is either external film diffixsion or intra-particle diffusion or 
both. 

Hence, the general equation for the rate of adsorption is given by 


Nrb = Reynold number 


( 4 . 3 . 11 ) 
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(4.3.12) 




where, K.As= mass transfer coefficient based on external surface area 
= Kp. Ap, if pore diffusion controls the overall process, or 
=Kf. As, if external diflfiision controls the overall process, or 
1 


1 / 


1 / 


•'Kp.Ap^/Kf.A, 


for both external and internal diffusions controlled. 


Additionally, the adsorption isotherm for the chromium(VI) ion and activated carbon is 
given by 




^ a ^ 


IC* 


(4.3.13) 


vl + *C*. 

where a,b = langmuir constants 

Equation 4.3.2 and 4.3.13 can be solved by finite difference method resulting in the 
following two equations for solution and solid phase concentration with respect to time. 
Solution-phase concentration equation is given by 


C.L, =C,|, +e;At(c.,|. -C.|,)-f,At(c. I, |,) 

Solid-phase concentration equation is given by 

‘^”1 t + At “ ^”1 1 K.A,.At^C„ 1, - u 

where, e and f are constants given by 

V.A. 


(4.3.14) 


(4.3.15) 


f-1 

1 and f 4^1 

UvJ 

1 UJ 
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To model the adsorption of chromium(VI) ion on activated carbon a C-program was 
developed. The two assumptions are made in that program; 

1 . Linear isotherm was assumed for a considerable region. 

2. In place of actual inlet chromium(VI) ion concentration, apparent chromium(VI) 
ion concentration was used. 

The algorithm for tliis program is given in Fig 4.2 and code is given in Appendix C. 

The standard deviation, a, was calculated for comparing the model and experimental 
results is and given as: 


fC “■ c ^ 

. experiment al model ^ 

' N 


^2 


(4.3.16) 
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PRINT 

Effluent chromium ion cone ratio =cl[z]/czero 


STOP 


Fimire 4 Flow chart for the T,iimned narameter model 
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CHAPTER 5 


RESULTS 

In this chapter experimental and model results for the adsorption of chromium(VI) ion 
are presented. Two types of experiments were considered; Batch and Continuous. 


5.1 Batch Studies 

Batch experiments were carried out to provide the equihbrium isotherm of 
chromium(VI) ion adsorption. The isotherms were achieved by plotting the solution 
phase chromium(VI) ion concentration (mg/1) versus solid phase chromium ion 
concentration (mg/g) obtained at equilibrium (18 h). Batch experiments results are given 
in Figs 5.1 and 5.2 and tabulated as Tables A1 and A2 in appendix A, for the activated 
carbon-chromium(VI) and the activated alumina-chromium(VI) systems, respectively. 
Fig. 5.1 reveals that the adsorption isotherm can be best represented by a Langmuir 
isotherm (shown as a solid line) expressed as q = a.C*/(l+b.C*), where, q is the 
equilibrium solid phase concentration, C* is equilibrium solution phase concentration, 
and a and b are the Langmuir constants. The choice of Langmuir isotherm was based on 
the smallest standard deviation observed. The Langmuir constants, a and b, have values 
of 0.178 and 0.01, respectively. In Fig. 5.2 the isotherm for the activated alumina- 
chromium(VI) system is plotted. This figure shows that the adsorption isotherm can also 
be best represented by a Langmuir isotherm as given above with Langmuir constants, a 
and b, having values of 0.028 and 0.003, respectively. Previous studies suggest that for 
the chromium(VI)-activated carbon system, the adsorption isotherm is either best 


27 



represented by a Langmuir isotherm (Huang et al., 1977; Lalvani et al., 1998; Aggarwal 
et al., 1999) or by a Freundlich isotherm (Han et al., 2000; Ramos et al., 1994). 

5.2 Continuous Studies 

The adsorption isotherms shown in Figs 5.1 and 5.2 reveal that for the same conditions 
the amount of chromium(VI) ions adsorbed on activated carbon was higher than that on 
activated alumina. Therefore, continuous fixed-bed experiments were performed using 
activated carbon as the adsorbent since this activated carbon appears to provide a larger 
adsorption capacity for chromium. 

For the fixed-bed experiments, the dimensionless effluent chromium(VI) ion 
concentration, C/Co, is plotted versus elapsed time, the adsorption curve, for various 
values of flow rate, mass of adsorbent, inlet concentration, and adsorbent particle size. 
The effect of these experimental conditions on the adsorption curve are shown in Figs. 

5.3 to 5.6. 

In Fig. 5.3, the fixed-bed results are plotted for different flow rates. The 
mass of activated carbon, inlet chromium(VI) ion concentration, and particle size were 
constant at 15 g, 100 mg/1, and 0.115 cm, respectively. The different flow rates 
considered are 5, 10, and 15 ml/min. The tabular results of these three continuous 
experiments are also given in Tables A3, A4, and A5, in Appendix A. Examination of Fig 
5.3 reveals that the break through point occurs much quicker at higher flow rates than at 
lower flow rates. After break through occurs, the effluent chromium(VI) ion 
concentration, C/Co increases rapidly with time till the C/Co reaches a value of 0.6 to 0.7. 
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Subsequently, the C/Co value increases gradually. Interestingly, however, the effluent 
chroniium(VI) ion concentration does not reach the inlet Co value even after 24 h. 

In Fig. 5.4 the effect of mass of activated carbon on the adsorption curve is 
presented. The mass of activated carbon considered were 10 and 15 g. The flow rate, inlet 
chromium(VI) ion concentration, and particle size were kept constant at 15 ml/min, 50 
mg/1, and 0.115 cm, respectively. Tabular results of these two experiments are given in 
Table A6 and A7, respectively in Appendix A. From Fig. 5.4 it is observed that for lower 
mass of activated carbon the break through point is achieved sooner. Thereafter, C/Co 
rises rapidly till a value of ~ 0.7 for 10 g and ~ 0.6 for 15 g. As before, the C/Co increases 
gradually after this initial rapid increase. 

The effect of inlet chromium(VI) ion concentration, Co, on the adsorption curve is 
shown in Fig. 5.5. Two inlet chromium(VI) ion concentrations used are 50 and 100 mg/1. 
The flow rate, mass of activated carbon, and particle size were kept constant at 15 mg/1, 
15 g, and 0. 1 15 cm, respectively. Tabular results of these two fixed-bed experiments are 
given in Appendix A as Tables A3 and A6, respectively. Examination of Fig 5.5 reveals 
that for higher Co values the break through point is achieved sooner. As before the C/Co 
value initially increases rapidly till a value of ~ 0.6 for Co = 50 mg/1 and a value of ~ 0.7 
for Co = 100 mg/1. The C/Co values then increases gradually with time. 

The effect of particle size on the adsorption curve is shown in Fig. 5.6. The 
particle sizes considered are 0.0445, 0.115, and 0.198 cm. The adsorption curve is shown 
upto 4 h to clearly bring out the effect of particle size. The mass of activated carbon, flow 
rate, and inlet chromium(VI) ion concentration were taken as 15 g, 15 ml/min, and 100 
mg/1, respectively. Tabular results of these three continuous experiments are given in 
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Tables A3, A9 and AlO, respectively in Appendix A. Fig. 5.6 shows that for larger 
particle size the break through point is achieved sooner. After the break through point the 
C/Co value initially increases rapidly and then gradually, similar to the previous cases. 

Fig. 5.7 shows the break through curve of activated carbon after regeneration. The 
mass of regenerated activated carbon, flow rate, inlet chromium(VI) ion concentration, 
and particle size were taken as 15 g, 5 ml/min, 100 mg/1, and 0.115 cm, respectively. The 
adsorption curve on fresh activated carbon performed with the same parameters are also 
shown for reference. Tabular results of these two continuous experiments are presented in 
Appendix A as Tables A5 and A8 respectively. Fig. 5.7 shows that after regeneration, the 
adsorption capacity of activated carbon is reduced. This is evident from the earlier break 
through point and displacement of the curve to lower times. 

5.3 Modeling Studies 

From the adsorption curves shown in Figs. 5.3 to 5.6 it is observed that there are 
essentially three regions present. The first region is where there is no outlet 
chromium(Vl) concentration; the second region is where the outlet chromium(VI) 
concentration reaches a significant value and then increases rapidly; and the final region 
is when the outlet chromium(VI) concentration increases gradually but does not reach the 
outlet concentration even after 25 h. For example, in Fig. 5.3 and for a flow rate of 
5ml/min, the first region is upto ~ 4 h, the second region is from ~ 4 h to ~ 8 h, and the 
third region is beyond 8 h. 

Modeling of the adsorption curves was tried by detenxiining the outlet 
concentration at different times based on the various input variables known a priori. The 
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only unknown parameter involved is the chroniium(VI) ion diffiisivity, which was 
adjusted to give the best fit curve. Results from the modeling study based on the best 
value of diffiisivity was not able to represent the three regions in the adsorption curve 
discussed above. The main drawback occurred in representing the third region of the 
adsorption curve since the gradual increase of C/Co with time was not achieved. To 
simplify modeling of the fixed-bed experiments, thus, only the first two regions were 
considered, i.e., the break through point and the rapid increase of C/Co values. 
Furthermore, to facilitate modeling the Co value was taken as the effluent chromium(Vl) 
concentration at the time where the third region of gradual C/Co increase begun. This 
apparent Co value was defined as Co^, which was about 0.6 to 0.75 of the actual Co value. 
The modeling results based on this Co® value and the required input variables are shown 
in Figs. 5.8 to 5.14 along with the corresponding experimental data. Furthermore, only 
external transport was considered, i.e., external film diffusion controls the mass transfer 
process, The only adjustable parameter was the chromium ion diffiisivity, which was 
obtained by fitting the model to the experimental data. The best value (by inspection), of 
the chromium ion diffiisivity was constant, 4.31*10'^ cm^/sec, for all the model curves 
shown in Figs. 5.8 to 5.14. The value of diffusivity is well within the range of liquid 
diffusivities in water (Treybol, 1981). 

Based on the constant value of diffusivity a good representation of the 
experimental adsorption curve was obtained as shown in Figs. 5.8 to 5.14, except for 2 
cases. Further comparison between the model and experimental results were performed 
by determining the standard deviations. The standard deviation values for the seven 
experiments are shown in Table 5.1. Examination of Table 5.1 reveals that the standard 
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deviation between the experimental and model results, given in the sixth column, are 
satisfactory except for two cases, experiment number 3 and 6. The unsatisfactory fit is 
also clearly observed in Figs. 5.10 and 5.13. In these two experiments either the flow rate 
was low or the particle size was small. Under both of these conditions it appears that the 
internal transport becomes important. The effect of internal transport was not considered 
in the present study. Thus the model is able to represent the experimental data reasonably 
well in the first two regions based on the apparent Co value. 

In summary, adsorption curves for the activated carbon-chromium(VI) system 
were obtained for different sets of experimental conditions in which three regions were 
observed. Modeling of the adsorption curves was achieved for the first two regions based 
on an apparent inlet chromium(VI) ion concentration and a constant chromium ion 
diflusivity. Comparison of the experimental modeling results reveals that the two regions 
of the adsorption curve can be reasonably represented. 
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Exp. No. 

Experimental conditions 

Standard deviation 
for the External 
Transport model 

Mass 

(g) 

Inlet Cr(VI) ion 
concnetration 
(mg/1) 

Flow rate 
(ml/min) 

Particle 

diameter 

(cm) 

1 

15 

100 

15 

0.115 

0.030 

2 

15 

100 

10 

0.115 

0.058 

3 

15 

100 

5 

0.115 

0.141 

4 

15 

50 

15 

0.115 

0.045 

“"5 

10 

50 

15 

0.115 

0.045 

6 

15 

100 

15 

0.044 

0.136 

T~~ 

15 

100 

15 

0.198 

0.034 


Table 5.1: Standard deviation calculation for external transport model 
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Equilibrium solid phase Cr(Vl) concentrai 
(mg Cr(Vl)/g adsorbent) 



q = 0.178 C*/(1+0.01 C*) 


0 500 1000 1500 20 

Equilibrium solution phase Cr(Vl) concentration, C 

(mg Cr(VI)/l solution) 


Fig. 5.1: Adsorption 


isotherm for chromium(VI) and activated carbon system 




Equilibrium solution phase Cr(VI) concentration, C* 

(mg Cr(VI)/l solution) 


Fig. 5.2; Adsorption isotherm for chromium(VI) and activated alumina system 
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Dimensionless effluent Cr(VI) concentration, (C/Cy 
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Fic 5 3’ Effect of flow rate on dimensionless chromium(VI) ion concentration. 

® ofartvated caAoo - 15 g. We, chromium(VI) .on concentta,.on 

= 1 00 mg/1 and particle size - 0. 1 1 5 cm. 
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Fig 5 4 Effect of mass of activated carbon on dimensionless 
* concentration. Inlet chroinium(VI) ion concentratton = 50 mgfl. fiorv 

rate = 1 5 ml/min, and particle size 0. 1 1 5 cm 
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Dimensionless effluent Cr(VI) concentration, (C/Cy 
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Fig. 5.5: Effect of chroniium(VI) ion concentration on dimensionless effluent 
chromium(VI) ion concentration. Mass of activated carbon = 15 g, 
flow rate = 15 ml/min, and particle size = 0.115 cm 
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Dimensionless effluent Cr(Vl) concentration, (C/Cq) 



Time (hours) 


Fig. 5.6: Effect of particle size on dimensionless effluent chromium(VI) ion 

concentration. Inlet chromium(VI) ion concentration = 100 mg/1, flow 
rate = 1 5 ml/min, and mass of activated carbon = 15 g 
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Dimensionless effluent Cr(VI) concentration, (C/Cq) 
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Fig. 5.7: EtfFect of regeneration of activated carbon (AC) on dimensionless 
effluent chroniium(VI) ion concentration. Inlet chromium(VI) ion 
concentration — ■ 1 00 mg/I, flow rate = 5 ml/min, mass of activated 
carbon = 15 g, and particle size = 0. 115 cm 
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Dimensionless effluent Cr(Vl) concentration, (C/Cq^ 
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Fig. S.8: Comparison of extern^ trans^«mo^:^h^ 

chromiumCVl) ion concentration (Co ) - 72 mg/1 
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FiK 5 10- Comparison of external transportmodel™thexperimental«^ts,^s 

*' ofTtivated carbon = 15 g, inlet chronnum(VI) ion concentration - 100 

5 ml/mil’ particle si^ = 0,115 cm. and apparent inlet 

chromium(VI) ion concentration (Co ) - 62 mg/1 
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Dimensionless effluent Cr(Vl) concentration, (OIC^ 



Fie 5 11- Comparison of external transport model with experimental results. M^s 
^ of activated carbon = 1 5 g, inlet chromium(VI) ion concentration 50 

15 particle si^ = 0. 1 1 5 cm, and apparent inlet 

chromium(Vl) ion concentration (Co ) - 32 mg/1 
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Dimensionless effluent Cr(Vl) concentration, (C/Co®) 



Fig 5 12- Comparison ofextemaltransportmodel with e^erimentalre^ts.^s 

of activated carbon = 10 g, inlet chromium^ ion ^ 

mgd, flow rate = 1 5 mVmin, particle size = 0 . 1 1 5 cm, and apparent inlet 

chromium(VI) ion concentration (Co“) - 35 mgA 


45 




Dimensionless effluent Cr(Vl) concentration, (C/Cq^ 



Fig, 5,13: Comparison of external transport model with experimental results. Mass 
of activated carbon = 15 g, inlet chromium(VT) ion concentration =100 
mg/l, flow rate = 15 ml/min, particle size = 0,045 cm, and apparent inlet 
chromium(Vl) ion concentration (Co®) = 72 mg/l 
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Dimensionless effluent Cr(Vl) concentration, (C/Cq^ 



Fig. 5. 14: Comparison of external transport model with experimental results. Mass 
of activated carbon = 15 g, inlet chroniium(VI) ion concentration =100 
mg/1, flow rate =15 ml/min, particle size = 0.198 cm, apparent inlet 
chromium(Vl) ion concentration (Co“) = 72 mg/1 
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CHAPTER 6 


6.1 Conclusions 

Based on the results of the present study the following conclusions can be made: 

■ Activated carbon and activated alumina are able to adsorb chromium(VI) ion. 

■ The adsorption isotherms for chroniium(VI)-activated carbon and chromium(VI)- 
activated alumina system are best represented by Langmuir isotherm. The 
Langmuir constants, a and b, had values of 0.178 and 0.01 for chromium(VI)- 
activated carbon, and 0.028 and 0.003 for chromium(VI)-activated alumina. 

■ The amount of chromium(VI) ion adsorbed on activated carbon is higher than 
activated alumina. 

■ The continuous fixed-bed experiments reveal that the change in effluent 
chromium(VI) ion concentration with time depends on flow rate, mass of 
activated carbon, inlet chromium(VI) ion concentration, and particle size. 

■ The adsorption curves obtained by continuous experiments essentially had three 
distinct region. 

■ Regenerated activated carbon capacity is lower than the fresh activated carbon. 

■ Modeling results involving external transport as the rate limiting step for mass 
transfer predicts the adsorption of chromium(Vl) by activated carbon reasonably 
well for the first two regions based on an apparent inlet chromium(VI) 
concentration, which is 0.6 to 0.75 of the actual Co value. Furthermore, the only 
adjustable parameter, the chromium(VI) ion difflisivity, had a value of 4.31 10 
cm^/sec. 
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■ With an increase in flow rate the external transport model predicts the 
experimental results better than at lower flow rate and for smaller particle size. 

6.2 Suggestions for Future Studies 

Based on the observations of the present study, further studies can be carried out along 
the following: 

■ In the present model the varied parameters are influent flow rate, mass of 
activated carbon (adsorbent), inlet chromium(VI) concentration, and particle size. 
A model can be developed using one more variable such as diameter of column 
and pH of the inlet solution. 

■ In the present model axial dispersion is neglected but at very low flow rates axial 
dispersion may be significant. 

■ Presence of other ions and dissolved solids in water also affect the adsorption of 
chromium(VI) ion. This effect can also be studied. 

■ The Lumped parameter model can be improved to better represent the adsorption 
curve. 
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APPENDIX A 

Tabular Results of Batch and Continuous Experiments 


Initial Cr(VI) 
concentration 
(mg/1) 

Solution phase Cr(VI) 
concentration at equilibrium 
(mg/I) 

Solid phase Cr(VI) 
concentration at equilibrium 
(mg/g adsorbent) 

20 

1.854 

1.452 

40 

5.140 

2.788 

60 

13.50 

3,720 

80 

24.00 

4.480 

100 

37.50 

5.000 

150 

75.00 

6.000 

200 

106.0 

7.520 

250 

145.0 

8.400 

300 

186.0 

9,120 

400 

259.0 

11.27 

500 

i 

343.0 

12.50 

800 

622.0 

14.19 

1000 

816.0 

14.65 

1200 

1010 

15.16 

2000 

1802 

15.83 


Table A1 : Batch experiment results for adsorption isotherm of chromium (VI) and 
activated carbon system 
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Initial Cr(VI) ion 
concentration 
(mg/1) 

Solution phase Cr(VI) 
concentration at equilibrium 
(mg/1) 

Solid phase Cr(VI) 
concentration at equilibrium 
(mg/g adsorbent) 

10 

8 

0.16 

20 

16 

0.32 

40 

29 

0.88 

60 

44 

1.28 

80 

62 

1.42 

Too 

76 

1.88 

150 

117 

2.64 

”200 

160 

3.16 

250 

204 

3.68 

300 

251 

3.92 

500 

443 

4.56 


Table A2: Batch experiment results for adsorption isotherm of chromium (VI) and 
activated alumina system 
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Time (hours) 

Effluent Cr(VI) 
concentration ratio (C/Co) 

0 

0 

0.5 

0 

1 

0.045 

1.5 

0.291 

1.75 

0.428 

2 

0.533 

2.25 

0.588 

is 

0.632 

i75 

0.646 

3 

0.661 

3.5 

0.692 

4.5 

0.711 

5.5 

0.723 

7 

0.733 

9 

0.756 

11 

0.783 

13 

0.802 

15 

0.814 

17 

0.830 

23 

0.865 

25 

0.872 


Table A3: Continuous experiment results for mass of Activated Carbon = 15 gm, 
inlet chromium(VI) concentration = 100 mg/1, flow rate = 15 ml/min, 
and particle size = 0, 1 1 5 cm. 
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Time (hours) 

Effluent Cr(VI) 
concentration ratio (C/Co) 

0 

0 

1.5 

0 

1.75 

0.006 

2 

0.068 

2.25 

0.177 

2.75 

0.420 

3 

0.512 

3.25 

0.551 

3.5 

0.578 

T75 

0.597 

4.25 

0.612 

5 

0.631 

6 

0.661 

8 

0.680 

10 

0.705 

12 

0.721 

14 

0.742 

16 

0.765 

18 

0.783 

22 

0.801 

24 

0.811 


Table A4; Continuous experimental results for mass of activated carbon - 15 gm, 
inlet chromium (VI) concentration = 100 mg/1, flow rate = 10 ml/min, 
and particle size = 0.115 cm. 
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Time (hours) 

Effluent Cr(VI) 
concentration ratio (C/Co) 

0 

0 

3.75 

0 

4.25 

0.009 

4.75 

0.092 

5 

0.192 

5.25 

0.308 

5.5 

0.427 

5.75 

0.498 

6 

0.543 

6.5 

0.582 

7 

0.612 

9 

0.635 

11 

0.655 

13 

0.678 

17 

0.712 

21 

0.744 

25 

0.775 


I'able A5: Continuous experimental results for mass of activated carbon 15 gn^ 
inlet chromium (VI) concentration = 100 mg/1, flow rate = 5 ml/min, 
and particle size = 0. 1 15 cm. 
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Time (hours) 

Effluent Cr(VI) 
concentration ratio (C/Co) 

0 

0 

1,5 

0 

2 

0.005 

2.5 

0.081 

2.75 

0.145 

3 

0.210 

3.25 

0.297 

3.5 

0.366 

3.75 

0.422 

4 

0.469 

4.5 

0.542 

5 

0.577 

5.5 

0.602 

7 

0.631 

9 

0.682 

11 

0.711 

13 

0.733 

15 

0.762 

17 

0.783 

19 

0.802 

21 

0.823 

25 

0.844 


Table A6: Continuous experiment results for mass of Activated Carbon in the 
bed =15 gm, inlet chromium (VI) concentration = 50 mg/l, flow 
rate = 1 5 ml/min, and particle size = 0. 1 1 5 cm. 
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Time (hours) 

Effluent Cr(VI) 
concentration ratio (C/Co) 

0 

0 

1 

0 

1.25 

0.014 

1.5 

0.083 

1.75 

0.165 

2 

0.262 

2.25 

0.372 

2.5 

0.448 

2.75 

0.526 

3 

0.594 

3.5 

0.676 

4 

0.697 

5 

0,710 

7 

0.763 

9 

0.771 

11 

0.783 

13 

0.815 

15 

0.830 

17 

0.847 

19 

0.861 

21 

0.867 

23 

0.873 


Table A7; Continuous experiment results for mass of Activated Carbon in the 
bed =10 gm, inlet chromium (VI) concentration = 50 mg/1, flow 
rate = 15 ml/min, and particle size = 0. 1 15 cm. 


60 



















Time (hours) 

Effluent Cr(VI) ion 
concentration ratio (C/Co) 

0 

0 

2 

0.007 

2.75 

0.329 

3 

0.433 

3.33 

0.495 

3.66 

0.562 

4 

0.599 

4.5 

0.638 

5 

0.650 

6 

0.676 

7 

0.684 

9 

0.720 

11 

0.748 

13 

0.772 

15 

0.778 

21 

0.829 

24 

0.845 


Table A8: Continuous experimental results for mass of regenerated activated 
carbon = 15 g, inlet chromium (VI) concentration = 100 mg/1, 
flow rate = 5 ml/min, and particle size = 0. 1 15 cm. 
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Time (hours) 

Effluent Cr(VI) ion 
concentration ratio (C/Co) 

0 

0 

1 

0 

1.5 

0.136 

1.75 

0.562 

2 

0.637 

2.25 

0.663 

2.5 

0.676 

2.75 

0.687 

3 

0.690 

3.5 

0.700 

6 

0.729 

8 

0.756 

10 

0.783 

12 

0.807 

14 

0.823 

16 

0.837 

18 

0.852 

20 

0.864 

22 

0.882 

24 

0.902 


Table A9: Continuous experimental results for mass of activated carbon 15 g, 

inlet chromium (VI) concentration 100 mg/1, flow rate 15 ml/min, 
and particle size = 0.0445 cm. 
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Time (hours) 

Effluent Cr(VI) ion 
concentration ratio (C/Co) 

0 

0 

0.75 

0.067 

1 

0.140 

1.25 

0.243 

1.5 

0.330 

1.75 

0.429 

2 

0.561 

2.75 

0.620 



3.25 

0.673 

4.25 

0.718 

6 

0.771 

8 

0.800 

10 

0.843 

12 

0.856 

16 

0.875 

20 

0.898 

22 

0.929 

24 

0.947 


Table AlO: Continuous experimental results for mass of activated carbon = 15 g, 
inlet chromium (VI) concentration =100 mg/1, flow rate =15 ml/min, 
particle size = 0. 198 cm. 
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APPENDIX B 


Model Parameters and Constants 

Diameter of column = D = 1.4 cm 

Density of the bed = p = 0.38 g/cc 

Porosity of the bed = 8 = 0.45 

Internal porosity of the adsorbent particle = X = 0.67 

Diffiisivity of chromium(VI) ion in water = Di = 4.3 1*10'^ cm^/sec 

BCinematic viscosity of water = u = 8.64*10'^ cm^/sec 

Density of activated carbon (adsorbent) = 1.3 g/cm^ 
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APPENDIX C 

Code in C Language for the Model 


/* Maximum Number of Elements in the Model is 20 */ 

#include<stdio.h> 

#include<math.h> 

main() 

{ 

int t,j,n,i,z; 

double area,di,c,a,b,u,X,visco,delt,rhop,r; 
double epsi,v,k,czero,mass,rho,d,dp,volu,l,kpap,kfap,nreJd,ap,kf; 
double cl [25],c2[25]; 
double ql[25],q2[25]; 


/* Input variables */ 

/*mass of adsorbent in the fixed bed in g and flow rate of water in cc/sec*/ 

/*inlet fluoride ion concentration in mg/l and elapsed time in seconds*/ 

/*particle size in cm*/ 

printf(" enter mass, flow rate,inlet cone, particle size, number of elements for model and 
time\n"); 

scanf("%lf%lf%li^lf%%d%d",&mass,&u,&czero,&dp,&n,&t); 


/* Model Parameters and constants */ 

d= 1 .4; /*column diameter in, cm*/ 

rhop=l .3 ; /* density of adsorbent particle in gm/cm^*/ 

rho=0.38; /*bed density in, g/cc*/ 

dl=4.3 le-5; /*dififiisivity of fluoride ion in water in, cm^/sec*/ 

epsi=0.45; /*bed porosity dimension less*/ 

X=0.67; /*intemal porosity of adsorbent particle dimension less*/ 

visco=8.64e-3; /*kinematic viscosity of solution in cm^/sec*/ 
area=3 . 141 *d*d/4; /*cross-sectional area of column in, cm^*/ 
volu=mass/rho; /*volume of the bed in cm^*/ 
l=volu/area; /*length of the bed in, cm*/ 
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v=volu/n; /*volume of each element*/ 

ap=(6/dp)*rhop; /*extemal interfcial transfer area of adsorbent in, cmVcm^*/ 

/* Calculation of Pore Diffusion Mass Transfer Coefficient */ 

kpap=(30.0*dl*X)*(l-epsi)/(dp*dp); /* in per sec*/ 

/* Calculation of External Film Diffusion Mass Transfer Coefficinet */ 

nre=(u*dp)/((l-epsi)*area*visco); /*Reynolds number*/ 
jd=5.7*(pow(nre,-0.78)); /*mass transfer factor jd*/ 

kf=jd*u*(pow((dl/visco),0.66))/area; /*extemal mass transfer coeflScient in cm/sec*/ 
kfap=kf*ap; /* external mass transfer coefficient in per sec*/ 

/* Calculation of over-all Mass Transfer Coefficent...*/ 

k=l/((l/kpap)+(l/kfap)); /* overall mass transfer coefficient in per sec*/ 
e=(u/(epsi*v)); /* constant with dimension in per sec*/ 

f=(rho/(epsi*rhop))*k; /* constant with dimension in per sec*/ 
delt=0.5/(a+b); /* time interval in sec*/ 

r=l/0.101; 

/* Initial Conditions for Solution and Solid Phase Concentration */ 

for(z= 1 ;z<=n;z-H-) 

{ 

cl [z]=0,0; /*solution phase initial concentration for all elements in, mg/1*/ 
q 1 [z]=0.0; /*solid phase initial concentration for all elements in, mg/g*/ 

} 

for(i=0;i<=j;i-H-) 

{ 

cl [0]=czero; /*inlet solution phase chromium ion concentration in, mg/1*/ 

} 

/* Calculation of Solution and Solid phase Concentration for any Element at any 
Time*/ 

j=t/delt; 

for(i=l;i<=j;i-H-) 

{ 

for(z= 1 ;z<=n;z++) 
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{ 

/* solid phase fluoride ion concentration*/ 
q2[z]=q 1 [z]+((delt*0.00 1 *k)/rhop)*(cl [z]-q 1 [z] *r); 

/* solution phase fluoride ion concentration*/ 

c2[z]=cl[z]+e*delt*(cl[z-l]-cl[z])-f*delt*(cl[z]-ql[z]*r); 

cl[z]=c2[z]; 

ql[z]=q2[z]; 

} 

} 

/*... Printing of Solution Phase Concentration ratio for each Element at any Time..*/ 

for(z= 1 ;z<=n;z-H-) 

{ 

printf("\n cl [%d]=%f ',z,cl [z]/czero); 

} 

} 
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